Abstract To investigate the origin of European spelt (Triticum spelta L., genome AABBDD) and its relation to bread wheat (Triticum aestivum L., AABBDD), we analysed an approximately 1-kb sequence, including a part of the promoter and the coding region, of the highmolecular-weight (HMW) glutenin B1-1 and A1-2 subunit genes in 58 accessions of hexa-and tetraploid wheat from different geographical regions. Six Glu-B1-1 and five Glu-A1-2 alleles were identified based on 21 and 19 informative sites, respectively, which suggests a polyphyletic origin of the A-and B-genomes of hexaploid wheat. In both genes, a group of alleles clustered in a distinct, so-called beta subclade. High frequencies of alleles from the Glu-B1-1 and Glu-A1-2 beta subclades differentiated European spelt from Asian spelt and bread wheat. This indicates different origins of European and Asian spelt, and that European spelt does not derive from the hulled progenitors of bread wheat. The conjoint differentiation of alleles of the A-and B-genome in European spelt suggests the introgression of a tetraploid wheat into free-threshing hexaploid wheat as the origin of European spelt. Electronic Supplementary Material Supplementary material is available in the online version of this article at http://dx
Introduction
Cytogenetic and molecular evidence indicate that freethreshing hexaploid bread wheat (Triticum aestivum L.; syn. T. aestivum ssp. aestivum; AABBDD; 2n=6x=42) derived by few mutations from hulled hexaploid progenitors (Kerber and Rowland 1974) which originated by hybridisations of tetraploid wheat, probably emmer [Triticum dicoccum (Schrank) Schübl.; syn. Triticum turgidum ssp. dicoccum; AABB; 2n=4x=28], and the diploid goatgrass Aegilops squarrosa Coss. (syn. Aegilops tauschii; DD; 2n=2x=14) (Kihara 1944; McFadden and Sears 1946) in the Southern regions of the Caspian Sea (Jaaska 1980; Dvorµk et al. 1998) . In contrast, the origin of hulled hexaploid spelt (Triticum spelta L.; syn. T. aestivum ssp. spelta; genome AABBDD; 2n=6x=42) is less clear. European spelt could originate from a hybridisation of tetraploid wheat and Aegilops squarrosa, which only occurs in Asia (Zohary and Hopf 2000) , by deriving either from the hulled progenitors of bread wheat (Andrews 1964) or from an independent hybridisation. Subsequently, spelt would have spread like many other crops from the Near East into Europe where it was a staple crop since the Bronze Age, particularly in the Northern Alpine region. This hypothesis of an Asian origin of European spelt is supported by the traditional spelt cultivation in Asia (Kuckuck and Schiemann 1957) and by archaeological evidence (Zohary and Hopf 2000) . However, discrepancies in the archaeological record (Nesbitt and Samuel 1996) and genetic differences between European and Asian spelt (e.g., Jaaska 1978; Dvorµk and Luo 2001) argue against European spelt originating from Asia. An alternative hypothesis, which could explain the evolution of European spelt outside Asia, is that spelt evolved after the emergence of hexaploid bread wheat by a hybridisation of tetraploid wheat and free-threshing hexaploid wheat (e.g., Flaksberger 1930) . The spelt-like offspring of such a cross was confirmed experimentally (MacKey 1966; Ohtsuka 1998 ). This hypothesis of European spelt evolution by an introgression of tetraploid wheat into free-threshing hexaploid wheat could explain both, the little differentiation among the D-genome of different hexaploid wheats; which argues against European spelt deriving from an independent hybridisation of tetraploid wheat and Ae. squarrosa (Dvorµk et al. 1998) , and the genetic differences on the A-and B-genomes between European spelt and bread wheat, which argue against European spelt deriving from the hulled ancestors of bread wheat (e.g., Liu and Tsunewaki 1991; Siedler et al. 1994) . However, the origin of European spelt is still controversial (for a review see Salamini et al. 2002) .
In a previous study we have analysed a 240-bp fragment of all six high-molecular-weight (HMW) glutenin subunit genes in historical spelt and bread wheat (Blatter et al. 2002) . The Glu-B1-1, Glu-A1-2 and Glu-B1-2 alleles, in a historical and an extant landrace of Swiss spelt, differed from the alleles in historical and modern bread wheat. The Glu-B1-1 spelt allele, however, was closely related to a Glu-B1-1 allele of the so called Glu-B1-1 beta subclade, which was previously identified only in a minority of tetraploid wheat (Brown 1999) . The HMW glutenin alleles of the D-genome, in contrast, did not differentiate between spelt and bread wheat (Blatter et al. 2002) . Although only few accessions were analysed, these results support that spelt originated from an introgression of tetraploid wheat into free-threshing hexaploid wheat. We have therefore extended our previous study by sequencing an approximately 1-kb fragment, including a part of the promoter and the coding region, of the Glu-B1-1 and Glu-A1-2 genes mainly in extant spelt from different geographic regions, but also in extant bread wheat and some tetraploid wheat. The aims were to analyse the allelic variation of Glu-B1-1 and Glu-A1-2 genes in different wheat, and to investigate the geographic and taxonomic distribution of these alleles for gaining further information on the origin of European spelt and its relation to bread wheat.
Materials and methods

Plant materials
Forty three accessions of T. spelta L., 12 accessions of T. aestivum L., and three accessions of Triticum durum Desf. from different geographic regions were obtained from IPK Gatersleben, D. T. spelta 'Oberkulmer' was provided by B. Keller (University Zürich, CH). The spelt accessions assigned to European spelt consisted of T. spelta L. ssp. spelta collected in Switzerland, Germany, Spain, Italy, former Czechoslovakia, Poland, Ukraine and unspecified locations in Europe. Spelt from Switzerland and Germany, the 'Northern Alpine region', was analysed as a subgroup within European spelt. The Asian spelt consisted of T. spelta L. ssp. spelta collected in Iran and T. spelta L. ssp. kuckuckianum Gökg. from Tajikistan, Uzbekistan, Turkmenistan and unknown locations in Asia. All accessions are listed in detail as 'Electronic Supplementary Material' (ESM). The nomenclature of Triticum and Aegilops species was used according to Miller (1987 0 ; Glu-A1-2: 5 0 -CGTCATAGCACACATAAAT-GTTGC-3 0 , whereas the reverse primer was designed universal for all HMW glutenin genes (5 0 -GAAGCTTGGCCTGGATAR-TATG-3 0 ). A 'touchdown' PCR approach was applied. PCR conditions were: (1) 3 min at 94C; (2) seven cycles of 1 min starting at 64C, reducing the temperature D1C per cycle (i.e. 'touchdown' at 58C), 1 min at 74C, 1 min at 94C; (3) 33 cycles of 1 min at 58C, 1 min at 74C and 1 min at 94C; (4) 1 min at 58C; and (5) 9 min at 74C. The PCR products of the expected size were cloned with the p-GEM-T Vector Kit (Promega, Madison, Wis.) according to manufacturers instruction. One clone per PCR product was analysed. Plasmids were purified with QIAGEN miniprep plasmid kit (QIAGEN, Hilden, D) and sequenced on a ABI Prism 310 Genetic Analyser (Perkin Elmer, Foster City, Calif.). Based on the obtained sequences, specific reverse primers were designed for the Glu-B1-1 fragment (5 0 -ATTTGTTG-GAGTTGCTGCGAAG-3 0 ) and the Glu-A1-2 fragment (5 0 -CCCT-GCTGAGGAGATATTACAC-3 0 ). These primers were used to verify the Glu-B1-1 alleles in six accessions (nos. 21, 26, 30, 44, 64 and 71 see ESM) and the Glu-A1-2 alleles in five accessions (nos. 23, 33, 50, 90 and 91) . The amplification was performed in 100-l reactions with the same PCR conditions as above. PCR products were purified with the QIAquick PCR purification kit (QIAGEN, Hilden, D) and directly sequenced by Microsynth GmbH (Balgach, CH) with the primers used for amplification. All sequences were submitted to EMBL with the accession numbers AJ566642-AJ566698 and AJ567923-AJ567980.
Data analysis
Each sequence was compared to the database using FastA in the Wisconsin package Version 10.0 (GCG, Madison, Wis.). All sequences were aligned using SeqLab in the Wisconsin package. Informative sites were identified with the tool 'Show Character Status ...' in PAUP 4.0b8 (Sinauer Associates, Sunderland, Mass.). Singular variations were subsequently treated as PCR or cloning artefacts and were excluded from further analysis. Using this approach, it is possible that authentic variations were rejected. However, whenever an accession was analysed twice, either by direct sequencing or by analysing clones of independent PCR products, all informative sites in Fig. 2 were confirmed and no additional variation was identified. Insertions or deletions (indels) were considered singular events, and were substituted each by a transversion for the following analyses. Pairwise genetic distances (PGD) were calculated in PAUP 4.0b8. Cladograms were constructed using the TCS software (Clement et al. 2000) . Putative sites of recombination were identified with the program 'Recombination' in the DnaSP package vers. 3.52 (Rozas and Rozas 1999) . A phylogenetic tree was constructed using the maximum parsimony (MP) method in PAUP 4.0b8 including the Glu-B1-1 and A1-2 alleles (starting from position 368 and 375, respectively) and the published sequence fragments of Glu-A1-1 (EMBL accession: X13928), Glu-D1-1 (X12928), Glu-B1-2 (X61026) and Glu-D1-2 (X12929) from T. aestivum. Positions with gaps were excluded from the analysis except for the indels in the Glu-B1-1 and A1-2 alleles substituted by a transversion (see above). One hundred bootstrap replicates were performed to test the stability of the tree. The MP-tree was drawn by midpoint rooting since the Glu-1-1 and Glu-1-2 genes are paralogous. The coding and the non-coding region were analysed together. The subclade of the Glu-B1-1 clade, which included the Glu-B1-1 alleles of T. spelta 'Oberkulmer' (accession no.1, see ESM) and of T. dicoccum var. tragii (EMBL accession X98714), was previously named beta subclade (Allaby et al. 1999; Blatter et al. 2002) . Analogous to the Glu-B1-1 clade, the subclade with the Glu-A1-2 allele of T. spelta 'Oberkulmer' was named the Glu-A1-2 beta subclade.
Deviating from the nomenclature of McIntosh et al. (1998) , Roman numbers were given to the identified alleles because the partial nucleotide sequences could only be assigned to the corresponding sections of the complete genes.
Two approximately 1-kb Glu-B1-1 and Glu-A1-2 sequences (EMBL accession: X03042 and X13927) and 18 sequences of shorter fragment length (240 bp) from the Glu-B1-1 (position 278 to 38) and Glu-A1-2 (position 280 to 39) promoter region (AJ132190, AJ131816, AJ399894, AJ399896, X03042, X13927, X98585, X98587, X98715, X98714, Y10953, Y10954, Y10965, Y10966) were included in the cladograms and in the calculation of the allele frequencies. Each sequence from the database was assigned to a Glu-B1-1 or Glu-A1-2 allele, or, if the 240-bp fragments did not contain enough allele-specific sites, to a group of alleles (B1-1I-IV).
Results
A PCR product of the HMW Glu-B1-1 and Glu-A1-2 region was amplified from all 58 wheat accessions, except for Glu-A1-2 from accession no. 46 (see ESM). Only partial sequences were obtained from accessions no. 10 (Glu-B1-1) and no. 67 (Glu-A1-2) because the polymerase switched during an early elongation step of the PCR amplification from the targeted HMW glutenin template to another HMW glutenin gene ('jumping PCR'). The fragments were identical to the allele Glu-B1-1VI (position 338 to 359) or Glu-A1-2I (position 5 to 422), and both fragments were completed with the missing section of the respective allele.
In total, six Glu-B1-1 and five Glu-A1-2 alleles were identified. All alleles were more similar to reference sequences of the target gene than to any other HMW glutenin gene, which shows the correct amplification of the targeted HMW glutenin genes. This was confirmed by a MP-tree of all six HMW glutenin genes of hexaploid wheat, where the Glu-B1-1 and the Glu-A1-2 alleles grouped in clearly separate clades (Fig. 1) .
Alleles of the HMW Glu-B1-1 subunit gene Six Glu-B1-1 alleles, named Glu-B1-1I to Glu-B1-1VI, were identified by 18 transitions, one transversion, and two indels (21 informative sites) (Fig. 2a) . The maximum variation between two Glu-B1-1 alleles (B1-1III and B1-1VI) was 14 informative sites [pairwise genetic distance (PGD) 0.0157]. The alleles differed in length from 874 to 943 bp because of two indels at the positions 509 to 456 and 95 to 109. The insertion at position 509 to 456 is a tandem duplication including the so-called 'cereal box ' (Anderson and Greene 1989) . This duplication was found in all Glu-B1-1 alleles, except Glu-B1-1III and in none of the other HMW glutenin subunit genes. Ten informative sites were situated within the promoter region and 11 within the coding region (Fig. 2a) . Seven variations in the coding region were non-synonymous (position 46, 113, 128, 173, 215, 226 and 259) and affected two cysteine residues (position 128 and 173) in the allele B1-1IV, which are responsible for the tertiary structure of the protein (Shewry et al. 1999) .
The MP-tree of HMW glutenin genes from all genomes (Fig. 1) , and the cladogram of the Glu-B1-1 alleles (Fig. 3a) , revealed a split of the Glu-B1-1 clade into different subclades. One distinct subclade was formed by the alleles B1-1V and B1-1VI, which varied by 10 to 14 differences (PGD 0.0111-0.0157) from the other four alleles (B1-1I to B1-1IV). This corroborates previous results where the allele of T. spelta var. 'Oberkulmer' (B1-1VI) and an allele of tetraploid wheat (B1-1V) also clustered together in this so-called beta subclade (Blatter et al. 2002) . The variation was two differences (PGD 0.0022) between the alleles of the beta subclade, and four to eight differences (PGD 0.0044-0.0089) among the non-beta alleles. A different mutation rate was indicated for the coding and the promoter region. Fig. 1 A phylogenetic tree was calculated using the maximum parsimony (MP) method from an alignment of a 715-bp fragment of the Glu-B1-1 and Glu-A1-2 alleles found in this study, and of one representative allele each of the Glu-A1-1, Glu-D1-1, Glu-B1-2 and Glu-D1-2 genes from the database. The MP-tree was drawn by midpoint rooting with the Glu1-2 genes selected as an outgroup for the Glu1-1 genes. Bootstrap values were calculated from 100 replicate trees. All HMW glutenin subunit genes from the genomes A, B and D form clearly separate clades. The subclades of Glu-B1-1 and Glu-A1-2, which include the alleles from T. spelta 'Oberkulmer', were defined as beta subclades and are indicated with 'b'
From seven informative sites separating the beta alleles from all other alleles, six were located in the promoter region and only one in the coding region. On the other hand, the alleles B1-1I to B1-1IV varied among each other by nine differences in the coding region, but only two differences in the promoter region (Figs. 2a and 3a) .
Alleles of the HMW Glu-A1-2 subunit gene Five Glu-A1-2 alleles, numbered Glu-A1-2I to Glu-A1-2V, were identified by 12 transitions, six transversions, and one indel (19 informative sites) (Fig. 2b) . The maximum variation between two Glu-A1-2 alleles (A1-2I and A1-2V) was 16 informative sites (PGD 0.0174). The alleles varied in length from 971 to 974 bp because of a missing triplet at position 153 to 151 in the promoter region of allele A1-2II. Ten informative sites were situated within the promoter region and nine within the coding region (Fig. 2b) . Seven variations in the coding region were non-synonymous (positions 80, 157, 241, 295, 305, 320 and 341), but in contrast to Glu-B1-1, none affected the five cysteine residues, which are present in the N-terminal domains of all y-type HMW glutenin subunit genes (Shewry et al. 1999) . The thymine instead of cytosine at position 5 in the alleles A1-2I and A1-2IV is either the result of homoplasy or of recombination events between the sites 8 to 5 and 5 to 80.
The topology of the MP-tree of the HMW glutenin genes ( Fig. 1) and of the cladogram of the Glu-A1-2 alleles (Fig. 3b) revealed a split of the Glu-A1-2 clade into different subclades, similar to the Glu-B1-1 clade. One subclade was formed by the alleles A1-2III to A1-2V, which varied from the alleles A1-2I and A1-2II by 13 to 16 differences (PGD 0.0142-0.0174). This subclade included the allele of T. spelta 'Oberkulmer' (A1-2V) and, in analogy to the Glu-B1-1 beta subclade, it was named the Glu-A1-2 beta subclade. The variations among the alleles A1-2III to A1-2V of the beta subclade were one and two differences (PGD 0.0011-0.0022) (Figs. 2b  and 3b ). The variation between the alleles A1-2I and A1-2II was eight differences (PGD 0.0087).
A similar mutation rate was indicated for the coding and the promoter region, because the variations were similarly distributed. This could be evidence that none of the detected Glu-A1-2 alleles code for a functional protein, as was shown for T. aestivum cv Cheyenne (A1-2I) and T. aestivum 'Chinese Spring' (A1-2II) (Shewry et al. 1999 ).
Distribution of alleles related to geographic origin and taxonomy
The frequencies of Glu-B1-1 and Glu-A1-2 alleles were calculated for wheat from different geographic origin or taxonomic units. Fig. 2 Informative sites are shown from six alleles of the HMW Glu-B1-1 subunit genes, named B1-1I to B1-1VI (a), and five alleles of the HMW Glu-A1-2 subunit genes, named A1-2I to A1-2V (b). Within the analysed 1-kb fragment the allele Glu-B1-1I corresponds to the allele Glu-B1-1b of T. aestivum cv 'Cheyenne', based on the official nomenclature of glutenin alleles (McIntosh et al. 1998 ). The allele Glu-A1-2II corresponds to the allele Glu-A1-2a of T. aestivum cv. 'Chinese Spring'. Numbering of the nucleotide positions (+1) starts at the ATG start codon. At positions with indels '+' marks the presence of an insertion, '-' marks the absence of an insertion. Reference sequences are from T. spelta var. arduinii (accession no. 3)
In European spelt, beta alleles of Glu-B1-1 and Glu-A1-2 were most common (0.82 and 0.85, respectively) and occurred in even higher frequencies (0.95 and 0.95) in spelt from the northern Alpine region (Table 1 and 2, Fig. 3 ). In contrast, the frequencies of Glu-B1-1 (0.19) and Glu-A1-2 (0.10) beta alleles were significantly lower in Asian spelt (p<0.001; chi-square test). Only the alleles B1-1VI and A1-2II were found in both European and Asian spelt. The different geographic distribution of alleles corroborates an independent origin of European and Asian spelt as indicated in previous studies (Jaaska 1978; Dvorµk et al. 1998; Dvorµk and Luo 2001) .
In free-threshing T. aestivum (n=16) the frequency of Glu-B1-1 beta alleles (0.13) was similar to Asian spelt. This suggests a closer relation of bread wheat to Asian spelt than to European spelt and is in agreement with Also the frequencies of Glu-A1-2 beta alleles (0.37) indicated a significantly closer relation of bread wheat to Asian than to European spelt (p<0.001).
In tetraploid wheat three out of eight accessions (0.37) contained the beta allele B1-1V. This allele B1-1V was only found in tetraploid wheat and in a landrace of bread wheat from Germany (no. 60 in Fig. 3a ), but never in spelt. On the other hand, the common European spelt beta allele B1-1VI was not found in tetraploid wheat. Also, no Glu-A1-2 beta alleles were found in tetraploid wheat. However, only a small number of tetraploid wheat was analysed in this study.
The analysed accessions of European spelt, Asian spelt, and bread wheat represent different taxonomic varieties (see ESM), based on morphological features (Szabo and Hammer 1996) but none of the taxonomic varieties were characterised by a specific combination of glutenin alleles.
Discussion
Despite many studies, important aspects about the relations between hulled and free-threshing hexaploid wheat remain controversial. One reason is that besides the normal inbreeding, a considerable amount of outcrossing occurs in fields of, for example, bread wheat (Griffin 1987; Martin 1990) , and that wheat of different ploidy levels can be interfertile (e.g., McFadden and Sears 1946; MacKey 1966; Ohtsuka 1998) . This allows many scenarios for obtaining genetic polymorphism. To study the relation between European spelt and other hexaploid wheats we focused on the A-and B-genomes, which originate from tetraploid wheat with the genomes AABB, by analysing the HMW Glu-B1-1 and Glu-A1-2 genes in different hexaploid wheats.
Our results show polymorphism at the HMW Glu-B1-1 and Glu-A1-2 loci in hexaploid wheat, and a differentiation of HMW Glu-B1-1 and Glu-A1-2 alleles in European spelt compared to other hexaploid wheats. Since the evolution of hexaploid wheat ca 8000-9000 years ago (Nesbitt and Samuel 1996) , an average of 0.04-0.07 mutations should have occurred theoretically in the analysed 1-kb fragment of the non-functional Glu-A1-2 genes based on an estimated rate of 5.1-7.710 -9 substitutions per site per year for introns and synonymous mutations in wheat (Allaby et al. 1999; Huang et al. 2002) . Thus, the eight or more mutations, that separate the alleles A1-2I, A1-2II and the alleles A1-2III-V, can not have occurred since the evolution of hexaploid wheat. The five Glu-A1-2 alleles originate therefore from at least three, possibly five, different ancestors. Assuming a slower mutation rate for the functional Glu-B1-1 genes, the six Glu-B1-1 alleles in hexaploid wheat indicate a polyphyletic origin involving even six different ancestors. All Glu-B1-1 and Glu-A1-2 alleles, except for the alleles A1-2III-V, are separated from the closest related allele by at least two mutations. This lack of intermediate alleles is additional evidence that the mutations did not evolve continuously in hexaploid wheat but originate from different progenitors.
The polyphyletic origin of the A-and B-genomes in hexaploid wheat can be explained by independent hybridisations of tetraploid wheat and Ae. squarrosa, or by an introgression of tetraploid wheat into hexaploid wheat.
In the first scenario the hexaploid offspring is expected to differ from the other hexaploid wheat by independent A-, B-and D-genomes. In the second scenario only the Aand B-genomes of the speltoid alloploid would differ from its hexaploid ancestor, but not the D-genome. If the new alloploid of either scenario interbreeds subsequently with other hexaploid wheat, the genetic differentiation, i.e., the differences between hexaploid wheat species, Table 1 Frequencies of Glu-B1-1 alleles in different wheats. T. spelta Europe includes T. spelta from Switzerland and Germany ('N-Alps'). The frequencies of beta alleles are summarised would decrease. Nevertheless, allelic polymorphism, i.e., genetic variation within the hexaploid wheat species, would still indicate the polyphyletic origin. Comparing the variation and differentiation in the A-and B-genomes and in the D-genome can therefore help to distinguish alternative scenarios of spelt evolution. Polymorphic loci on the D-genome show that hexaploid wheat evolved several times by hybridisations of tetraploid wheat and Ae. squarrosa (Dvorµk et al. 1998; Talbert et al. 1998 ). Hybridisation and recombination events subsequently reduced differentiation and formed a common D-genome genepool of European spelt, Asian spelt and bread wheat (Dvorµk et al. 1998) . Several hybridisations of tetraploid wheat and Ae. squarrosa can thus explain allelic variation on the A-, B-and Dgenomes of hexaploid wheat, but not the differentiation of the A-and B-genomes, indicated for example by the glutenin genes in this study. The conjoint predominance of Glu-B1-1 and Glu-A1-2 beta alleles in European spelt, and the clear separation of beta alleles from non-beta alleles in both genes, can be best explained by an introgression of a tetraploid wheat carrying the beta alleles into hexaploid wheat. This introgression must have happened after the events reducing the differentiation of the D-genome genepool of hexaploid wheat so that the differentiation of the A-and B-genomes of hexaploid wheat was not affected. A secondary evolution of European spelt after bread wheat would also be in agreement with the archaeological record where spelt occurs after bread wheat in Europe (Maier 1996; Jacomet 1998 ). Yet, the origin of European spelt may not necessarily be in Europe.
Since tetraploid wheat with the genome AABB must have played an important role in any scenario of spelt evolution, the identification of the beta alleles of spelt in a tetraploid wheat could indicate where, and from which ancestors, European spelt originated. So far, however, no correlation was reported between the alleles of European spelt and tetraploid wheat for the A-genome and only little correlation for the B-genome. A marker on the Agenome, which was predominant in European spelt, was almost completely absent from cultivated tetraploid wheat (Dvorµk and Luo 2001) . Similarly, no Glu-A1-2 beta alleles were identified in the eight tetraploid wheat accessions that were available for this study. On the Bgenome, a spelt-specific gamma gliadin allele was closely related but not identical to an allele in tetraploid wheat (Von Büren 2001) . This is similar to our results where the beta allele B1-1V in tetraploid wheat differed from the beta allele B1-1VI in European spelt by two mutations. Thus, it is not yet conclusive that European spelt acquired the beta alleles from a single ancestral tetraploid wheat.
Spelt and bread wheat accessions with either a Glu-B1-1 or a Glu-A1-2 beta allele show that in different hybridisation events only one beta allele was propagated. This could have happened through hybridisations of spelt and bread wheat as indicated by several non-beta alleles in European spelt, or by an introgression of tetraploid wheat with a single beta allele into bread wheat as indicated by the beta allele B1-1V of tetraploid wheat in a bread wheat accession (no. 60).
The higher genetic variation of the Glu-B1-1 and Glu-A1-2 alleles in bread wheat compared to European and Asian spelt can be explained by the much wider geographic range of bread wheat cultivation, which faciliates higher geneflow due to natural out-crossing and human selection and trade. In turn, the little allelic variation at the Glu-B1-1 and Glu-A1-2 loci in European spelt, particularly from the Northern Alpine region, can be explained by the geographically restricted growing area and a secondary origin. In Asian spelt, low allelic variation can be similarly explained. In contrast to European spelt, however, the limited differentiation of the glutenin alleles between Asian spelt and bread wheat would allow a scenario where Asian spelt originates from the hulled ancestors of bread wheat.
Although many of the analysed accessions were landraces, which are expected to be less affected by modern wheat breading than modern cultivars, it is difficult to determine how much of the genetic variation, especially in bread wheat and in European spelt, is ancient, and how much is due to recent events. Data from pre-industrial times come from a historical spelt (accession number 9) and bread wheat sample (no. 75) (Blatter et al. 2002) . They show that the Glu-B1-1 and Glu-A1-2 beta alleles, which are predominant in European spelt, existed at least 300 years ago.
